INTRODUCTION
The CFTR [CF (cystic fibrosis) transmembrane conductance regulator] is a member of the ABC (ATP-binding cassette) superfamily of membrane transport proteins [1, 2] . Like other members of this family, it is a multi-domain protein that consists of two MSDs (membrane spanning domains) and two cytoplasmic NBDs (nucleotide-binding domains). In addition, it contains a distinct regulatory or 'R' domain, which is phosphorylated at multiple sites by protein kinase A and protein kinase C [3] [4] [5] [6] [7] [8] . CFTR is a unique member of the ABC transporter family because it functions as a regulated chloride channel and naturally occurring mutations cause the disease CF (cystic fibrosis) [9, 10] .
CFTR channel gating is regulated by phosphorylation of the R domain and also by binding and hydrolysis of ATP at the NBDs [11] [12] [13] . Several studies have shown that dimeric assembly of NBDs is essential for ABC transporter ATPase function [14, 15] . The crystal structure of the ATPase domain of Rad50 (radiationdependent 50) in complex with ATP was the first to reveal a head to tail arrangement of two NBDs [16] . Since then, high-resolution crystal structures of full-length ABC transporters such as BtuCD have revealed a similar orientation for the NBDs. In the BtuD NBD dimer structure, two nucleotide-binding and catalytic sites are formed at the dimer interface by juxtaposition of the signature motif of one monomer with the Walker A and B motifs of the other monomer [17] . A recent study performed by our group provided direct empirical evidence suggesting that while each NBD of CFTR is capable of binding nucleotide, heterodimerization of the NBDs is necessary to confer optimal ATPase activity [14] .
Unlike prokaryotic NBDs, the NBDs of CFTR are structurally asymmetric; NBD1 contains a conserved ABC signature motif and Walker A motif, yet lacks conservation of two residues implicated in interaction with hydrolytic water, a Walker B glutamate residue and a histidine residue. NBD2 possesses sequence conservation in Walker A and B and the switch motifs but lacks conservation in the ABC signature motif [16] . From the sequence alignments and molecular modelling of CFTR-NBDs using prokaryotic NBD dimers as templates, it is predicted that the NBDs of CFTR interact in a head to tail orientation, resulting in the formation of one rather than two catalytic sites. One site containing the Walker A and B from NBD1 and the signature motif from NBD2 would be non-conventional and exhibit little ATP hydrolysis [11, 18] . The other site would comprise a conventional catalytic site containing the Walker A and B from NBD2 and the signature motif from NBD1. This prediction has been supported in direct biochemical assays of the relative ATPase activity of Walker A lysine mutants in NBD1 and NBD2 [19] as well as studies showing vanadate trapping of 8-azido-ATP in NBD2 [15] .
Gadsby et al. [11, 18] recently proposed a model of coupling between ATP hydrolysis and channel gating. In this model, ATP binding to both sites promotes dimerization and conformational changes leading to channel gating to the open state [11, 18] . Subsequent hydrolysis of nucleotide at the one conventional site (comprising Walker A and B and switch from NBD2 and signature motif from NBD1) precedes channel closing. In support of this model, mutation of the Walker A lysine (K1250A) or the Walker B glutamate (E1371A/Q) in the conventional catalytic site leads to defective channel closure, resulting in prolonged channel open Abbreviations used: ABC, ATP-binding cassette; CF, cystic fibrosis; CFTR, CF transmembrane conductance regulator; HA, haemagglutinin; NBD, nucleotide-binding domain; MSD, membrane spanning domain; PFO, pentadecafluorooctanoic acid; TNP-ATP, 2 (3)-O-(2,4,6-trinitrophenyl)adenosine 5-triphosphate. 1 To whom correspondence should be addressed, at Research Institute, Hospital for Sick Children, Toronto, ON, Canada M5G 1X8 (email bear@sickkids.on.ca).
times [11, 18] . However, a key aspect of this model has yet to be directly tested. Although the consequences of mutating the Walker A lysine of NBD2 (K1250A) on nucleotide binding and hydrolysis have been measured [19] , to date there have been no direct measurements of the consequences of mutating the putative catalytic base, Glu 1371 , on nucleotide binding and hydrolysis. Further, it has yet to be determined whether conservation at this site is sufficient to confer catalytic activity.
In the present study, we determined the role of the Walker B glutamate residue directly by mutagenesis of NBD2, evaluation of nucleotide binding by purified NBD2 and measurement of the ATPase activity by the purified NBD1-NBD2E1371Q heterodimer. In order to determine whether conservation of the Walker B glutamate is sufficient to confer catalytic activity, we evaluated the consequences of mutating the non-conserved serine at position 573 in NBD1 to glutamate. Our findings support a model wherein the Walker B glutamate is required for, but not sufficient for, catalytic activity by the CFTR-NBD1-NBD2 heterodimeric complex.
METHODS

Generation of NBD1S573E and NBD2E1371Q constructs
Mutations were introduced into human NBD1 or human NBD2 cDNA in the pFastBac1 vector using the QuikChange ® SiteDirected Mutagenesis kit (Stratagene) and specifically designed primers. For S573E the following primers were used: reverse primer 5 -CTAGGTATCCAAAAGGCTCGTCTAATAAATACAA-AT-3 and forward primer 5 -ATTTGTATTTATTAGACGAGC-CTTTTGGATACCTAG-3 . For E1371Q, the reverse primer 5 -CAAATGAGCACTGGGTTGATCAAGCAGC-3 and the forward primer 5 -GCTGCTTGATCAACCCAGTGCTCATTTG-3 were used.
Isolation and co-immunoprecipitation of soluble NBDs
Suspension cultures of Sf9 cells were co-infected with various combinations of wild-type and mutant NBD1 and NBD2 viruses for 40 h at 26 • C. Cells were then harvested in PBS (pH 8.0) and disrupted using a French press (1000 lbf/in 2 ; 1 lbf/in 2 = 6.9 kPa). After this cell lysates were centrifuged at 100 000 g for 2 h at 4
• C. The supernatant containing the soluble NBDs was retained and a co-immunoprecipitation was performed using either the monoclonal antibody L12B4 directly against NBD1 (Chemicon) or using a monoclonal, anti-HA (haemagglutinin) antibody (Covance). These antibodies were also used for immunoblotting.
Purification and renaturation of co-expressed wild-type and mutant NBDs
Sf9 cell cultures grown in suspension (0.5-1 litre) were coinfected with one or two viruses containing wild-type or mutant CFTR-NBDs, each bearing polyhistidine tags for 40 h at 26
• C. Cells were harvested in PBS (pH 7.4), disrupted using a French press (1000 lbf/in 2 ) and the fragments were centrifuged at 100 000 g at 4
• C for 2 h. The pellet produced by the above centrifugation was solubilized for 4 h in 40 ml of 8 % (w/v) PFO (pentadecafluoro-octanoic acid; Oakwood Products, West Columbia, SC, U.S.A.) and 25 mM phosphate (pH 8.0) at 25
• C. Detergent-solubilized His-tagged NBD protein was then filtered through a 0.2 µm syringe filter and applied to a freshly generated nickel column at a rate of 2 ml/min. A pH gradient (pH 8.0-6.0) in 2 % PFO and 100 mM NaCl was then applied using FPLC, and 2 ml fractions were collected. The fractions eluted from the column were assessed for the presence of NBD protein by dot-blot analysis. The monoclonal antibodies L12B4 (Chemicon) and anti-HA (Covance) were used to detect NBD1 and NBD2 respectively. Immunopositive fractions were further analysed by SDS/PAGE and fractions containing pure protein (single silver-stained protein band on SDS/PAGE) were combined and dialysed in a Specta/Por dialysis membrane (cut-off, 12-14 kDa) overnight at 4
• C against 4 litres of a buffer containing 10 % glycerol, 50 mM Tris/HCl, 50 mM NaCl, 25 µM DTT (dithiothreitol) and 50 µM EGTA at pH 7.4. Dialysis was continued in 10 % glycerol, 50 mM Tris/ HCl, 50 mM NaCl, 50 µM dodecyl maltoside and 50 µM MgCl 2 at pH 7.4 (2 × 4 litres, 4
• C). Renatured protein samples were concentrated 4-fold in a Centricon YM-10 concentrator (Amico Ultra-15: molecular mass cut-off of 5 kDa; Amicon). In studies where NBD1 and NBD2 were refolded together, equal amounts of purified NBD1 and NBD2 in 2 % PFO were mixed together in a Specta/Por dialysis membrane, and renaturation conducted as previously described [14] .
TNP-ATP [2 (3)-O-(2,4,6-trinitrophenyl)adenosine 5-triphosphate] binding
Binding of TNP-ATP to wild-type and mutant NBD1 or NBD2 proteins was analysed by steady-state fluorescence measurements in a fluorescence spectrophotometer (Hitachi). Protein (20 µg) was prepared in 1 ml of a buffer containing: 10 % glycerol, 50 mM Tris/HCl, 50 mM NaCl, 2 mM MgCl 2 and 0.1 µM dodecyl maltoside at pH 7.5 in 1 ml (1 cm × 1 cm optical path) fluorescence cuvettes. TNP-ATP was added at various final concentrations. Experiments were performed at 25
• C with continuous stirring. The samples were excited at 410 nm and the emission intensity at 550 nm was recorded. A protein-less sample was used for subsequent correction of the inner filter effect on the fluorescence of TNP nucleotides as previously described [14] . K d was calculated by fitting a single site binding curve using GraphPad Prism software.
ATPase measurements
ATPase activity was measured as the production of [α-
32 P]ADP from [α-32 P]ATP by the NBDs as described previously [19, 20] . The assay was carried out in a reaction mixture (50 µl) containing 1 µg of NBD1 or NBD2, 10% glycerol, 50 mM Tris/HCl, 50 mM NaCl, 2 mM MgCl 2 , 0.1 µM dodecyl maltoside and 8 µCi of [α-32 P]ATP (3000 Ci/mmol) and 1.0 mM unlabelled ATP (pH 7.5). ATPase activity was also measured as the production of [γ -32 ]P i from [γ -32 P]ATP. P i and ADP were separated from ATP by TLC using the same elution conditions as described by Gross et al. [21] .
ATP depletion experiments
Infected Sf9 cells expressing NBD1 and NBD2 (wild-type or E1371Q) were washed with PBS and collected by centrifugation. Cellular ATP was manipulated by replacing extracellular glucose [22] . The cells were incubated with 5 ml of control solution (143 mM NaCl, 10 mM glucose, 1 mM MgATP, 20 mM Mes and 0.5 mM CaCl 2 , pH 6.5) or ATP depletion solution (143 mM NaCl, 5 µM rotenone, 5 mM deoxyglucose, 20 mM Mes and 0.5 mM CaCl 2 , pH 6.5) at room temperature (22
• C) for 1 h with mixing. The cells were collected by centrifugation at 110 g for 5 min at room temperature and washed with PBS, and resuspended in 2 ml of PBS with protease inhibitors. The cells were lysed by French pressing and the samples were centrifuged at 690 g for 1 min. The supernatants were used in co-immunoprecipitation procedure using anti-HA antibody. (A) Alignment of sequence motifs that contribute to nucleotide binding and hydrolysis by ABC NBDs [16] . Those residues that lack conservation in CF-NBD1 or CF-NBD2 are indicated in boldface and italics. The residues that have been mutated in the present paper are enclosed in a box. (B) Western blots of Sf9 cells lysates expressing NBD1 (1), NBD1S573E (1SE), NBD2 (2) or NBD2E1371Q (2EQ). Western blots were probed using either the anti-L12B4 antibody (NBD1 and NBD1S573E), or the anti-HA antibody (NBD2 and NBD2E1371Q).
Analyses
The ATP dose-response curves for the ATPase activities by NBD2 and NBD1-NBD2 were fit with the Michaelis-Menten equation using the curve-fitting program Prism (GraphPad). The doseresponse of TNP-ATP binding to the mutant NBDs: S573E and E1371Q was analysed using a single site binding algorithm and curve fitting by GraphPad Prism to determine K d values.
RESULTS
Walker B mutations do not alter nucleotide binding to isolated NBD1 or NBD2
As previously discussed, the Walker B glutamate residue thought to act as the catalytic base in ABC NBDs is only conserved in NBD2 of CFTR ( Figure 1A) . In order to evaluate the role of this conserved glutamate (Glu 1371 ), the mutant E1371QNBD2 was generated. Conversely, the corresponding, non-conserved residue in NBD1, Ser 573 , was mutated to glutamate (S573ENBD1) to determine if this substitution is sufficient to confer a change in ATP interaction. The consequences of these mutations were investigated in the context of proteins corresponding to NBD1 and NBD2. In our previous studies, we described the methods for expressing proteins corresponding to NBD1 (residues: 380-660) and NBD2 (residues: 1201-1446) of CFTR using the Sf9-baculovirus expression system [14] . Each of these proteins were engineered to possess a polyhistidine tag on their C-terminus and an HA tag was attached to the N-terminus of NBD2 [14] . Similarly, the Walker B mutant proteins (S573E) and (E1371Q) bearing polyhistidine tags and an HA tag, in the case of E1371Q, were expressed in Sf9 cells using the baculovirus system ( Figure 1B ). Each mutant was purified and renatured as described in our previous studies of the wild-type domains: NBD1 and NBD2 [14] .
Both the purified NBD1 mutant (S573E) and purified NBD2 mutant (E1371Q) bind the ATP analogue, TNP-ATP, with low micromolar affinities (Figure 2 ), similar to the affinities previously reported for wild-type NBD1 (11.6 µM) and NBD2 (10.6 µM) [14] . These findings support the claim that these proteins have been functionally renatured as NBDs and that these mutations have not disrupted this particular function.
Walker B mutant of NBD2 (E1371Q) inhibits normal ATPase activity conferred by heterodimerization with NBD1
The ATPase activity of CFTR is conferred by heterodimerization of NBD1 and NBD2. We showed in our previous studies that purified, reconstituted CFTR-NBD1 and CFTR-NBD2 proteins are capable of functionally interacting to mediate ATPase activity [14]. Therefore, in order to evaluate the consequences of mutations in single NBDs on ATPase activity, each mutant must be co-expressed with a wild-type NBD partner. Co-infection of Sf9 cells with baculovirus containing NBD1S573E (1SE) and baculovirus containing wild-type NBD2 (2) led to the expression of both proteins (results not shown). Similarly, co-infection of Sf9 cells with baculovirus containing NBD2E1371Q (2EQ) and wild-type NBD1 (1) led to the expression of both proteins. Each of the above combinations of co-expressed proteins was purified by metal affinity and renatured as described in our previous work [14] . In order to evaluate the consequences of mutating the putative catalytic base, Glu 1371 , on the activity of the NBD heterodimer, we compared the ATPase activity of co-purified NBD2EQ and NBD1 with the activity of co-expressed wild-type NBD1 plus NBD2 or NBD1 alone. ATPase activity was measured as the production of [α-
32 P]ADP from [α-32 P]ATP by purified NBDs in the presence of 1 mM ATP. As shown in Figures 3(A) and 3(B) , the NBD1 protein alone exhibits low levels of specific activity (n = 3). Copurified and renatured NBD1 plus NBD2 (1 + 2) exhibits significantly increased specific activity relative to NBD1 (*P < 0.0025, n = 5). These findings confirm our previous observations and suggest that NBD1 and NBD2 associate to confer enhanced ATPase activity [14] . On the other hand, the specific activity of copurified NBD1 plus NBD2E1371Q (1 + 2EQ) is not significantly different from isolated NBD1 alone (P > 0.05, n = 3) and is significantly reduced relative to the activity conferred by the copurified wild-type proteins (1 + 2) (P < 0.01). Similarly, the specific activity of the 1 + 2EQ NBD combination is significantly less than that of the 1 + 2 combination (P < 0.001), if ATPase activity is measured as the production of [γ -32 P]P i from [γ -32 P]ATP using TLC ( Figures 3C and 3D) . Together, these findings suggest that Glu 1371 normally plays an essential role in mediating ATPase activity conferred by the functional complex of NBD1 plus NBD2. Furthermore, we did not detect the production of [γ -32 P]ADP for either the wild-type or 1 + 2EQ mutant pair, confirming that the NBD heterodimer is functional as an ATPase rather than a kinase, a possibility raised in recent studies by Gross et al. [21] . In Figure 3 (E), we show the results of comparative studies of the specific ATPase activity of NBD2, co-purified wild-type NBD1 (1 + 2, n = 5) and co-purified NBD1S573E and NBD2 (1SE + 2, n = 3). In this case, there was no significant difference (P < 0.05) between the co-purified mutant (1SE + 2) and the wildtype combination. These results suggest that the introduction of a glutamate residue into the non-conserved Walker B motif of NBD1 does not confer an additional active site.
It is possible that the inability of co-purified NBD1 plus NBD2E1371Q to reconstitute the ATPase activity normally conferred by the 1 + 2 NBD heterodimer reflects a defect in the association of the mutant NBD2 with NBD1 rather than loss of an active site. In Figure 4 (A), we show that NBD2E1371Q can be copurified with NBD1. The top panel shows the abundance of total NBD protein purified from each co-expression. Each silver stain band reports the purification of both NBD1 and NBD2 (mutant or wild-type) as their masses cannot be effectively resolved by SDS/PAGE. Western-blot analysis of purified proteins using the NBD1-specific antibody (L12B4, middle panel) or an anti-HA antibody directed against the tag inserted before NBD2 (lower panel), revealed that both NBDs are present in the purification. These findings support the idea that these proteins form a complex in vitro.
In order to determine whether both the NBD2E1371Q and NBD2 are capable of associating with NBD1 in vivo, we evaluated the co-immunoprecipitation of either protein with NBD1 from the supernatant of freshly disrupted Sf9 cells. The NBD1-specific antibody, L12B4, is effective in immunoprecipitating soluble NBD1 and co-immunoprecipitating either soluble NBD2 or NBD2E1371Q (results not shown).
Conversely, we immunoprecipitated HA-tagged NBD2 proteins from the supernatant of freshly dissociated Sf9 cells using an anti-HA tag antibody and probed for the co-precipitation of NBD1 using the NBD1-specific antibody L12B4 ( Figure 4B ). The association of NBD2 proteins with NBD1 was measured as the ratio of the L12B4 and anti-HA immunoreactive protein.
As shown in the histogram in Figure 4 (C), there was no significant difference between the association between NBD1 and NBD2 and the association between NBD1 and NBD2E1371Q. These results suggest that the decrease in ATPase activity by the wild-type NBD heterodimer and the mutant (EQ) NBD heterodimer likely reflects a critical role for Glu 1371 in this activity rather than the alteration in domain-domain interaction.
Interestingly, there was no significant effect of ATP depletion on the association of NBD1 with either NBD2 or NBD2E1371Q. Based on previous biochemical and structural studies of prokaryotic ABC NBDs, we predicted that a relatively tight ATP sandwich would be formed by the catalytically impaired NBD1-NBD2E1371Q heterodimer [23, 24] . However, using two different approaches, i.e. supplementing the soluble domains in freshly prepared Sf9 supernatant with 1 mM MgATP (results not shown) or by inducing ATP depletion in Sf9 cells prior to lysis, we failed to detect an effect of modifying ATP levels on the abundance of NBD1 co-immunoprecipitated with either NBD2 or NBD2E1371Q. The lack of a significant effect of ATP depletion on NBD co-precipitation is shown in figures 4(B) and 4(C). These results suggest that heterodimerization of the NBDs of CFTR may not require ATP binding.
DISCUSSION
These findings provide direct evidence supporting a key role for the Walker B glutamate residue, Glu 1371 in NBD2 in mediating ATPase activity by the NBD heterodimer of CFTR. Further, as the mutation of this residue abrogates ATPase activity conferred by the heterodimer, our results support the model wherein there is only one catalytic site formed by the functional complex. According to molecular modelling [25, 26] , electrophysiological evaluations of nucleotide-dependent gating [11, 18, 27] and biochemical work [15, 19] including the present study, this active site is likely comprised of the Walker A and B motifs of NBD2, the H switch of NBD2 and the signature motif of NBD1 (Figure 1) .
The other nucleotide-binding site in the heterodimer is comprised of the Walker A and B of NBD1, the 'H-switch' of NBD1 and the signature motif of NBD2. This site not only lacks the conserved glutamate residue in Walker B, but also lacks conservation in the signature motif and the histidine normally conserved in the 'H' switch ( Figure 1 ). Our finding that introduction of the canonical glutamate residue into Walker B of NBD1 fails to confer additional ATPase activity, suggests that this glutamate substitution is not sufficient to rescue catalytic activity at this site. Future studies will evaluate the relative consequences of rescuing conservation in the signature sequence in NBD2 as well as the 'H-switch' motif in NBD1 on ATPase activity by the heterodimer [26, 28, 29] .
In the present studies, we detected ATPase activity by the NBD heterodimer using two methods, evaluation of the production of radiolabelled ADP ([α- 32 (Figure 3 ), confirming our previous enzymatic studies of these proteins [14] . A recent report by Gross et al. [21] used the second method to assess the ATPase activities of the heterodimer of NBD1 plus NBD2 of CFTR. Interestingly, they could not detect ATPase activity in their preparation. Therefore it is likely essential that the two domains be either co-expressed or co-reconstituted in order to form a functional complex as in our previous work [14] and the present study, rather than added to one another as separately folded domains as in the Gross paper [21] .
As previously mentioned there is compelling evidence from electrophysiological and biochemical studies supporting the idea that the NBDs of CFTR interact in the context of the full-length protein [15, 18, 19, 30, 31] . Previously, we showed that NBD1 and NBD2, expressed and purified singly, could be combined and functionally reconstituted as a heterodimer [14] . However, the present studies are the first to show that isolated NBD1 and NBD2 domains interact in vivo following their co-expression, in the absence of the 'R' domain and the MSDs. Specifically, we found that soluble NBD1 and NBD2 can be co-immunoprecipitated from freshly disrupted Sf9 cells. Interestingly, we could not detect a significant difference in the association between wildtype NBD1 and NBD2 and the association between NBD1 and NBD2(E1371Q) following ATP depletion in cell culture prior to cell lysis (with the removal of extracellular glucose, and the addition of deoxyglucose and rotenone). In light of the recent studies by Vergani et al. [30] showing that ATP binding induced hydrogen bond formation between NBD1 and NBD2 in the vicinity of the 'catalytic site', we predicted that the most stable interaction may have occurred between NBD1 and NBD2-(E1371Q) in ATP-replete cells. We suggest therefore that the above methods for ATP depletion may have been ineffective in removing ATP from its binding site(s). This is not surprising given the high concentrations of intracellular ATP of 4-5 mM. Further, we suggest that the NBDs of CFTR (even the isolated domains) may interact regardless of the level of catalytic activity. Alternatively, the immunoprecipitation methods employed in the current studies fail to report subtle changes in the stability of this interaction.
The functional interaction between the NBDs is likely to be affected by modifications in other regions of the protein. Biochemical studies of full-length CFTR and other ABC proteins [32, 33] as well as its related proteins, MRP (multidrug-resistance protein) [34] and P-glycoprotein [35] [36] [37] [38] , reveal that there is cross-talk between the MSDs and the NBDs. For example, the specific activity of the full-length CFTR protein is approx. 3-5-fold higher than that exhibited by the NBD1-NBD2 heterodimer alone [14, 19, 20] . Conversely, pore blockers of CFTR, which bind to regions in the membrane domain have been shown to inhibit ATPase activity of the full-length protein [32] . It has been well documented that the substrates of the multidrug resistance proteins P-glycoprotein and MRP (multidrug-resistance protein), which interact with the membrane domain modify the ATPase activity of these proteins. Therefore the challenge for future work is to understand the molecular basis for modification of the ATPase activity by the NBD heterodimer and by other regions of the protein, i.e. the R domain and possibly the intracellular loops connecting the transmembrane helices of CFTR.
